In this paper, we present two complimentary approaches for interval Q estimation from surface seismic data. A layer-based approach and smooth solutions algorithms are presented and evaluated by comparing estimated Q from surface seismic data with VSP data. We also show how, by using a 3D attenuation estimation algorithm together with a time-and space-varying compensation algorithm (inverse Q filtering), we were able to derive an attenuation field and to improve the wavelet stability as well as the P-impedance inversion results. The choice of attenuation estimation algorithm is related to the statistical nature of the attenuation field in the subsurface.
Summary
In this paper, we present two complimentary approaches for interval Q estimation from surface seismic data. A layer-based approach and smooth solutions algorithms are presented and evaluated by comparing estimated Q from surface seismic data with VSP data. We also show how, by using a 3D attenuation estimation algorithm together with a time-and space-varying compensation algorithm (inverse Q filtering), we were able to derive an attenuation field and to improve the wavelet stability as well as the P-impedance inversion results. The choice of attenuation estimation algorithm is related to the statistical nature of the attenuation field in the subsurface.
Theory
We consider the problem of plane-wave propagation in attenuating media characterized by a velocity, V, and quality factor, Q, as given by equation 1. 
. (1) We further assume that the relation between velocity, frequency, and quality factor can be characterized using the causal constant Q model of Futterman (1962) ,
Consider a layered medium and its reflected wavefield. Assuming that an interface between each layer is characterized by a reflection coefficient, i R ; the following expression relates the n th amplitude to the interval Q and reflection coefficient:
In general, this expression can be expanded to a continuous time axis (Bickel and Natarajan,1985) :
(The expression should have a period at the end.) Note that equation 4 defines a new variable, effective Q. This Q parameter should not be viewed directly as a rock property parameter such as the interval Q parameter defined in this discussion. However, it is important to note that both parameters are related to each other by an integration over time.
Interval Q estimation
We start by recognizing that a general time series can be decomposed into a joint time/frequency panel such that localized spectral can be estimated in each time. This is also referred to as time frequency analysis (TFA) or spectral decomposition.
We used the S -transform (Stockwell et al., 1996) , to derive A(t,f) presented in equation 4.
Discrete layer-based interval Q inversion
A layer-based inversion can be performed by applying a constrained optimization algorithm to the data derived from amplitude/frequency decomposition as defined in equation 5.
Effective and interval Q estimation using low-order polynomial fitting
If we consider the time frequency response of a reflected trace to be represented by 
(The expression should have a period at the end.) If we assume that S is a smooth function, we can approximate it using a low-order polynomial,
in which case, the effective and interval Q are given by:
. (9) Note that the zero-order coefficient of the polynomial fit does not contribute to the estimation of effective or interval Q, as it absorbs the combined wavelet and reflectivity amplitude at the selected frequency without explicit knowledge of the wavelet and reflectivity amplitude spectra. This is, in our opinion, a particular strength of the proposed low-order polynomial fitting technique, as it does no longer needs an explicit amplitude estimate at a certain reference traveltime for normalization purposes (Lancaster and Tanis, 2004) . Please also note that for a frequency independent and constant Q medium, the first-order polynomial assumption is fully correct. In Figure 1a , we present a synthetic seismogram computed using a visco-elastic plane-wave model with six layers (Figure 1b) and two attenuating layers with Q values of 20 and 40 (Figure 1c) . In Figure 1d , we show the amplitude spectra of the spectral decomposition of the synthetic trace.
Synthetic example
In Figure 2a , we present the attenuation estimation using inversion, and in Figure 2b , we show the results of the attenuation estimation using effective Q estimation. As expected, the inversion of the synthetic data recovered the Q field while the smooth solution was not able to recover the attenuation correctly.
Field example and comparison to VSP data
In Figure 3a , we present a near-angle stack line from a 3D surface seismic volume, while Figure 3b shows the spectral decomposition associated with a seismic trace whose surface location coincides with the location of a nearby well. Figures 4a and 4b show the estimated Q field associated with the smooth effective Q estimation and the layer-based inversion using statistical layer picking. In Figure 4c , we show interval Q estimates associated with a VSP survey that was performed in a nearby well. The VSP shows that there is a high Q value (30-40) between 4.1 and 4.77 s. These results are in good agreement with both surface seismic methods. We note that, in general, the smooth effective Q function does correspond to the average VSP response. The layer-based inversion shows generally good agreement, but with higher resolution and a more detailed Q field.
Seismic inversion case study: Q compensation and wavelet comparison
We applied our Q estimation methodologies on a highresolution seismic dataset from the Gulf of Mexico to derive a time-and space-varying Q field (Figure 5a ). We chose to use the smooth attenuation estimation method. We used a space-and time-varying inverse Q filtering algorithm as described by Ferber (2005) . The results are shown in Figure 5 . On the left side, we show a near-angle stack before the application of inverse Q filtering, while the right panel shows the same inline after applying time-and space-variant inverse Q filtering. Note that, in this case, the inverse Q filtering improved the resolution and the amplitude fidelity. Another way to appreciate the effect of inverse Q filtering is to look at the difference between the wavelet extracted from the well log before and after Q compensation ( Figure  6 ). Note that, in general, the wavelet is closer to zero phase as well as more compact after the application of inverse Q filtering. We also note that the noise level is higher after Q compensation.
Inversion results
In Figure 7 , we present the relative acoustic impedance inverted from the seismic data before and after Q compensation. The high pay is associated with the low RAI values (blue). We have been able to improve the match to well logs after applying inverse Q filtering. As can be seen in Figure 7 , we enhanced the definition and interpretation of the amount of pay associated with the seismic data. Figure 6 . The wavelet extracted using a nearby well log before a) and after b) Q compensation.
Summary and conclusions
We have shown two complementary methods for interval Q estimation. We note that each method has strengths and limitations. The statistical nature of the reflectivity and ground attenuation distribution should be used to consider the benefits and pitfalls associated with each method. We recommend using smooth Q estimation for general largescale processing projects and using the layer-based inversion for more detailed data analysis. We also note that we can impose smoothness constrains on the solution and by that change the vertical resolution of the estimated Q field.
In the case study, we showed how applying time-and space-varying Q estimation and compensation technology improved seismic inversion results. We note that, in general, Q compensation is not an AVO friendly technique. However, in the presence of good seismic data and complimentary VSP data, we can gain confidence in the estimated Q and apply it to our data. In this case, Q field was interpreted and did carry geological structure and significance. Because attenuation is a physical property of the subsurface, using it in an inversion sequence is, in general, better geophysics. Figure 7 . Relative acoustic impedance derived after seismic inversion. Impedance before a) and after b) inverse Q filtering.
